The dry grinding of a mixture of bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) and silica nanoparticles has produced powdery (BEDT-TTF)-silica nanocomposites. The (BEDT-TTF)-silica nanocomposites are readily doped with iodine in hexane dispersion to give powdery nanocomposites of (BEDT-TTF) 2 I 3 -silica. XRD and TEM measurements suggest that (BEDT-TTF) 2 I 3 in the nanocomposite exists as shell layers of core-shell-type nanoparticles and as nanometer-sized crystals incorporated into hollow sites of aggregated silica nanoparticles.
Introduction
Charge-transfer (CT) complexes, including those derived from bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF), exhibit a variety of peculiar electronic properties in the solid state, such as electrical conductivity, magnetism, and phase transitions. reprecipitation. 6 Recently, fine nanoparticles of CT complexes with sizes of the order of 10 nm have been fabricated by solution reactions in the presence of ionic liquids. 7 The downsizing effect has been observed in the phase transition behavior 4 and the optical and electrical properties of CT complexes. 6 Extreme downsizing of an organic superconductor has also been investigated. 8 Ichimura, et al. have recently reported that dry grinding of molecular crystals in the presence of silica nanoparticles affords core-shell-type hybrid nanoparticles. 9 Unlike conventional grinding techniques, this method enables convenient nanodownsizing of molecular solids such as organic pigments, 9a, b molecular crystals, 9c-f and polymers. 9g In the resultant nanocomposites, surfaces of aggregated primary nanoparticles of silica are covered with ultrathin shell layers of organic solids, whereas a nanometer-sized crystalline fraction fills hollows at the joint sites of aggregated primary silica particles. 9b,e We were interested in the application of the nanocomposites to solid-state reactions, as organic solid-state reactions have received much attention because of their 10 Based on this idea, we prepared nanosized CT complexes of MPc (metal phthalocyanine) with iodine by the reaction of MPc-silica nanocomposites with iodine. 11 The enlarged surface areas of the nanocomposites lead to extreme reactivity of the nanocomposite with iodine, whereas bulk MPc is much less reactive.
In this context, we planned to prepare nanosized CT complexes based on these methods and analyze their physical properties. In this study, we focused on (BEDT-TTF) 2 I 3 , which is a triiodide salt of BEDT-TTF and is one of the most well-known molecular conductors. 1 Bulk crystals of (BEDT-TTF) 2 I 3 exhibit characteristic electronic properties depending on their crystal forms.
α-(BEDT-TTF) 2 I 3 exhibits a sharp metal-insulator (M-I) transition at 135 K, 12 and the material has drawn special attention as a zero-gap semiconductor.
13 The α-form of (BEDT-TTF) 2 I 3 is transformed into the β-form when it is annealed at 376 K; 14 the β-form exhibits a superconducting transition at low temperatures. 15 A few methods of downsizing (BEDT-TTF) 2 I 3 have been reported; these include vapor deposition to prepare thin films 16 and doping of BEDT-TTF dispersed in polymer films with iodine. 17 Here, we report the fabrication and characterization of (BEDT-TTF) 2 I 3 -silica nanocomposites by iodine doping into (BEDT-TTF)-silica nanocomposites obtained by dry grinding. The physical properties of the nanocomposites, including phase transition, magnetic susceptibility, and electrical conductivity, are presented. The ratios of (BEDT-TTF) 2 I 3 as shell layers and as nanocrystals were estimated on the basis of the magnetic properties.
Experimental

General methods
XRD data were recorded on a Rigaku SmartLab diffractometer using Cu Kα radiation. Electron micrographs were obtained using a JEOL JEM-2010 transmission electron microscope (TEM) and a JEOL JSM-5610 LVS scanning electron microscope (SEM). Specimens for TEM observation were prepared by dropping an aqueous dispersion of a powdery sample on a copper grid and diamagnetic contribution of silica (-2.96 × 10 -6 emu mol -1 ) from the total susceptibility.
FT-IR spectra were recorded on a Perkin Elmer Spectrum 1000 spectrometer using KBr plates.
For electrical conductivity measurements, powdery samples were pressed into pellets under 500-600 kg·cm −2 using a hydraulic molding press. Au paste or brass plates were attached on both sides of the pellets (thickness: 0.3-0.5 mm) as electrodes. Electrical conductivity was measured using the AC impedance technique at room temperature with an applied voltage of 100 mV using a Solartron 1260 impedance analyzer (four-probe method, frequency range: 10 −1 -10 6 Hz). The temperature dependence of the conductivity was measured using a Wayne Kerr 6440B precision component analyzer in a temperature range of 300-100 K.
Preparation of iodine-doped (BEDT-TTF)-silica nanocomposites
Stöber silica nanoparticles (Toso Silica; NIPSIL VN3, primary particle diameter of 14.1 nm) were modified with methylhydrogenpolysiloxane to reduce the surface polarity of the powder so as to improve the affinity of the silica surfaces with organic compounds. 9a Such surface-modified silica nanoparticles were donated by Toda Kogyo Co., Ltd. BEDT-TTF was purchased from Tokyo Chemical Industry Co., Ltd. and recrystallized from chlorobenzene prior to use. Bulk crystals of α-(BEDT-TTF) 2 I 3 were prepared according to the methods described in the literature.
14 (BEDT-TTF)-silica nanocomposites were fabricated using the following procedure.
Surface-modified silica nanoparticles (100 mg) and a desired amount of BEDT-TTF were placed in a zirconia vessel (12 mL) and milled using a Fritsch P-7 planetary mill with the aid of nylon beads (400 rpm, 4 h). To dope with iodine under wet conditions, the obtained nanocomposites Page 6 of 20 RSC Advances were dispersed in hexane or diethyl ether containing a stoichiometric amount of iodine, and the dispersion was stirred for 1 h. The resulting black powders were collected by filtration, washed with hexane or diethyl ether, and dried under vacuum. Alternatively, iodine doping was carried out under dry conditions. The (BEDT-TTF)-silica nanocomposites and a stoichiometric amount of iodine were milled using nylon beads, and the resulting powders were washed with diethyl ether and dried under vacuum.
Results and Discussion
Preparation of (BEDT-TTF)-silica nanocomposites
Dry grinding of the mixtures of BEDT-TTF and surface-modified silica nanoparticles (primary particle diameter of 14.1 nm) produced (BEDT-TTF)-silica nanocomposites. Nanoscale hybridization of the powders was confirmed by TEM observations ( Figure 1a Nanocomposite powders of BEDT-TTF and silica nanoparticles in a 1:2 (w/w) ratio were employed in the following experiments, unless otherwise noted. As shown in Figure 2A , the (BEDT-TTF)-silica nanocomposite exhibited XRD peaks corresponding to those of bulk BEDT-TTF, showing a decrease in peak intensity and an increase in the peak widths relative to its bulk counterpart. The crystallite size as estimated by Scherrer's equation is 40.7 nm, showing a remarkable reduction relative to that of bulk crystals of approximately 500 nm. As discussed in Preparation of (BEDT-TTF) 2 I 3 -silica nanocomposites
The iodine doping of (BEDT-TTF)-silica nanocomposites was achieved efficiently under wet conditions by stirring a dispersion of nanocomposite powders for 1 h in hexane containing a stoichiometric amount of iodine. A quantitative reaction occurred readily to produce dark brown powders of (BEDT-TTF) 2 I 3 -silica nanocomposite. Since BEDT-TTF is completely insoluble in hexane, the doping reaction likely occurred in the solid state. The TEM image of the 1:2 (w/w) iodine-doped nanocomposite is shown in Figure 3 . The average diameter of primary particles in the nanocomposite is approximately 20 nm, which is slightly greater than that before doping. The iodine doping was also carried out in diethyl ether. In this case, the product exhibited stronger XRD peaks corresponding to α-(BEDT-TTF) 2 I 3 than those for the nanocomposites doped in hexane. It seems probable that part of the molecules in the nanocomposites dissolved into diethylether because of their enlarged surface area, leading to the formation of the larger amount of nanocrystalline salts from solution.
Next, the effect of annealing was investigated. The annealing of the (BEDT-TTF) 2 I 3 Page 8 of 20 RSC Advances 7 nanocomposites prepared in hexane at 376 K for 2 h leads to an increase in intensity of XRD diffraction peaks, indicating the development of crystallinity while the crystal form was maintained. Annealing under iodine atmosphere lead to further doping with iodine to yield a component assignable to ξ-(BEDT-TTF) 2 (I 2 I 3 ) 2 , 20 as judged from the XRD patterns shown in Figure 2B (line c).
Iodine doping under dry conditions gave different results. A mixture of (BEDT-TTF)-silica nanocomposite and a stoichiometric amount of iodine was subjected to bead milling to produce a paramagnetic powder that contained no crystalline (BEDT-TTF) 2 I 3 . The XRD pattern is shown in Figure 2C (line a). TEM observation of the powder confirmed that the particulate nanostructures are maintained. When the amorphous powder was annealed at 376 K for 3 h, crystallinity was slightly enhanced to produce an XRD pattern corresponding to β-(BEDT-TTF) 2 I 3, as shown in Figure 2C (line b). It should be mentioned that all of the (BEDT-TTF) 2 I 3 -silica nanocomposites obtained here exhibited high dispersibility in water without any surfactants, similar to other silica-nanocomposites reported previously.
9e, g For comparison, powders of bulk BEDT-TTF, which was prepared by grinding with a mortar in advance, were dispersed and stirred for 1 h in an ether solution of iodine to attempt doping. XRD patterns were essentially unchanged before and after the treatment, and only the surfaces of the powders had apparently reacted with the iodine. The formation of (BEDT-TTF) 2 I 3 by the mechanical grinding of bulk BEDT-TTF with iodine is reported, 21 although we found that extreme dry grinding conditions were needed (400 rpm, 8 h) to complete the reaction n the absence of silica nanoparticles. These results confirm the significant role of silica nanoparticles in the nanodownsizing of BEDT-TTF as a consequence of hybridization, which resulted in a large increase in its reactivity. This situation suggests that nanocomposites of organic solids and silica nanoparticles are efficiently applicable to solid-state reactions, even though they are much less reactive in the bulk solid state.
As shown by the TEM observations, (BEDT-TTF) 2 I 3 -silica nanocomposites prepared under 11 owing to the self-aggregation of the planar molecules. In contrast, BEDT-TTF may maintain its affinity with silica surfaces, even after complexation, which is likely because of the flexibility of the molecule and its assembled structure. Such contrasting results imply that the morphology of molecular complexes fabricated by the grinding method depends on molecular shapes and structures. Further exploration of materials may lead to interesting nanostructures.
Magnetic susceptibility
The magnetic susceptibility of (BEDT-TTF) 2 I 3 -silica nanocomposites was measured to investigate the phase transition characteristic of the α-form of (BEDT-TTF) 2 I 3 . Figure 4 shows the temperature dependence of magnetic susceptibility of the nanocomposite prepared in hexane. The susceptibility slightly decreased at around 110-140 K, corresponding to the M-I transition of α-(BEDT-TTF) 2 I 3 . The susceptibility change at the phase transition is about 9.6% that of the bulk α-(BEDT-TTF) 2 I 3 . 12 This result implies that approximately 10% of the total amount of (BEDT-TTF) 2 I 3 exists as nanocrystals. Additionally, the observed transition is broad, ranging over approximately 30 K, whereas bulk crystals of α-(BEDT-TTF) 2 I 3 exhibit an abrupt decrease in susceptibility at 135 K. 12 This broadening probably stems from the effect of nanodownsizing. The high defect concentration of the nanocomposites may also contribute to the broadening. The magnetic susceptibility accompanied a large amount of Curie fraction, which was estimated at 43% and is primarily attributed to surface molecules. The remarkable increase in the Curie fraction as compared to that of the bulk crystals (approximately 0.3% 12 ) evidently results from highly enlarged surface areas. The remaining fraction of 47% is probably assigned to the molecules inside the shell layer (excluding the surface molecules), which no longer exhibit bulk properties owing to reduced crystal sizes. Annealing at 376 K resulted in an increase in the Page 10 of 20 RSC Advances α-form fraction to 14.2% and the reduction the Curie fraction to 31%. This result is consistent with the growth of the XRD peaks of the α-form by annealing, as described above.
On the other hand, in the 1:2 (w/w) nanocomposite doped in diethyl ether, the α-form fraction and the Curie fraction are estimated to be 47% and 12%, respectively, from the magnetic susceptibility data. This result is consistent with the larger amount of nanocrystalline salts and concomitant decrease in surface molecules. By annealing the sample, the α-form fraction was partly converted into the β-form, as confirmed by XRD and magnetic susceptibility measurements.
The (BEDT-TTF) 2 I 3 -silica nanocomposite prepared under dry conditions showed simple paramagnetic behavior and no signs of phase transition, which is consistent with the absence of crystalline components. The number of Curie spins was approximately 50% of the total, and this fraction was reduced to 31% by annealing.
Electrical conductivities
The electrical conductivities of the nanocomposites were measured at room temperature using their compaction pellets. As expected, the (BEDT-TTF)-silica nanocomposite (1:2 w/w) was as an insulator before iodine doping, showing a conductivity of 2.9 × 10 −12 S·cm −1 . After doping in hexane, the conductivity remarkably increased to 1.7 × 10 −6 S·cm −1 . However, the value is 10 This study has shown that nanocomposites of organic solids and silica nanoparticles are efficiently applicable to solid-state reactions, even though the organic solids are much less reactive in the bulk solid state. Furthermore, even compounds that are insoluble in solvents may be applied to chemical reactions in this manner. In this study, the hybridization method allowed for the simple synthesis of electrically functional fine powders. While conventional investigation of CT salts has focused predominately on single crystals or films, access to nanosized composite materials expands the scope and applications of the research on CT salts, because these nanosized composite materials have high dispersibility in liquids 24 and high processability. 
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